A novel anaerobic, mesophilic, hydrogen-producing bacterium, designated strain M2/40 T , was isolated from a mesophilic, two-phase, laboratory-scale biogas reactor fed continuously with maize silage supplemented with 5 % wheat straw. 16S rRNA gene sequence comparison revealed an affiliation to the genus Clostridium sensu stricto (cluster I of the clostridia), with Cultivation-independent methods based on 16S rRNA gene sequence analyses have revealed that members of the class Clostridia, including the genus Clostridium, frequently make up the most abundant group in biogas reactors fed with different substrates (e.g. Krause et al., 2008; Schlüter et al., 2008; Kröber et al., 2009; Wang et al., 2009; Rademacher et al., 2012) . Their numerical predominance indicates that they play an important role in the anaerobic degradation of biomass, leading ultimately to the formation of biogas. For members of the genus Clostridium, the most important substrates are polymers such as cellulose, starch, pectins, other polysaccharides and proteins (Andreesen et al., 1989) . Thus, species of the genus Clostridium are important during the hydrolysis step, making complex substrates available for further degradation. As fermentation products, they form organic acids (acidogenesis), which are further degraded by acetogenic bacteria mainly to acetic acid (acetogenesis). Furthermore, a large number of species of the genus Clostridium actively produce H 2 and CO 2 (Rainey et al., 2009) , which are also used by methanogens in the final step of biogas formation (methanogenesis).
Cultivation-independent methods based on 16S rRNA gene sequence analyses have revealed that members of the class Clostridia, including the genus Clostridium, frequently make up the most abundant group in biogas reactors fed with different substrates (e.g. Krause et al., 2008; Schlüter et al., 2008; Kröber et al., 2009; Wang et al., 2009; Rademacher et al., 2012) . Their numerical predominance indicates that they play an important role in the anaerobic degradation of biomass, leading ultimately to the formation of biogas. For members of the genus Clostridium, the most important substrates are polymers such as cellulose, starch, pectins, other polysaccharides and proteins (Andreesen et al., 1989) . Thus, species of the genus Clostridium are important during the hydrolysis step, making complex substrates available for further degradation. As fermentation products, they form organic acids (acidogenesis), which are further degraded by acetogenic bacteria mainly to acetic acid (acetogenesis). Furthermore, a large number of species of the genus Clostridium actively produce H 2 and CO 2 (Rainey et al., 2009) , which are also used by methanogens in the final step of biogas formation (methanogenesis).
Strain M2/40
T was isolated from a mesophilic, two-phase, laboratory-scale biogas reactor [upflow anaerobic solidstate (UASS) reactor; Mumme et al., 2010] supplied continuously with a mixture of 95 % maize silage and 5 % wheat straw. The reactor was operated at an organic loading rate of 3 g VS corr l 21 day 21 [VS corr was defined as the sum of volatile solids, volatile fatty acids, lactic acid and alcohols]. In order to isolate hydrolytic bacteria, the reactor fluid was diluted 10-fold in Ringer's solution, spread on Columbia agar (BD) supplemented with 5 % horse blood and incubated at 37 u C. The medium was prepared under oxic conditions; agar plates were transferred to an anoxic glovebox (Whitley MG 500; Meintrup DWS Laborgeräte) and stored under these conditions for at least 15 h before use. For purification, single colonies were picked and restreaked.
Growth on single substrates was tested in CM3 medium, based on DSMZ medium 520. For the basic medium, yeast extract, cellulose and cellobiose were omitted. Before autoclaving, the pH was adjusted to 7.2 with NaOH and, for all cultures, N 2 was used as the gas atmosphere. After sterilization, single substrates were added to 10 mM from sterile-filtered stock solutions; cellulose, xylan, pectin C , and colonies were suspended in basic CM3 medium without addition of substrates. For each substrate, duplicates of 19.8 ml medium in 100 ml serum bottles (closed with crimp-closure aluminium seals holding butyl rubber stoppers) were inoculated with 200 ml dense cell suspension. As negative controls, CM3 medium without any substrate as well as a cell-free assay containing the respective substrate only were used. Growth was determined after incubation at 37 u C by measuring an increase in OD 600 with a UV/Vis spectrophotometer (model Cadas 200; co. Dr Lange).
For determination of temperature range and optimum, cells were grown in CM3 medium with 10 mM sucrose at 15, 20, 25, 30, 35, 37, 40, 45, 50 and 55 u C. The pH 37 uC range and optimum were examined at pH 5. 3, 5.6, 6.2, 6.6, 7.0, 7.3, 7.8 and 8 .9 using modified CM3 medium. The CM3 medium was diluted 1 : 2 with deionized water to prevent precipitation at high pH, and 10 mM glucose, 2 mM KH 2 PO 4 and K 2 HPO 4 as well as a buffer mixture of MES, HEPES, TAPS and CHES (10 mM each) based on Lee et al. (2007) was added. The pH was adjusted with NaOH or HCl solutions and was checked after autoclaving.
Gram staining was performed using the Gram-colour staining set (Merck); for decolouration, 96 % ethanol was used. The catalase reaction, indole formation and hydrolysis of gelatin (protease activity) and aesculin (bglucosidase activity) were tested using the API 20 A system (bioMérieux). Hydrolysis of starch was analysed on CASO agar (Merck) supplemented with 0.4 % (w/v) yeast extract and 0.2 % (w/v) starch, based on the method given by Smibert & Krieg (1994) .
For analysis of fermentation products, strain M2/40 T and C. cellulovorans DSM 3052 T were grown in 100 ml serum bottles in basic CM3 medium with 10 mM glucose. Each assay was carried out in duplicate. Medium without addition of cells was used in control assays. Headspace gases (H 2 , CO 2 and CH 4 ) were injected into an Agilent 7820 gas chromatograph equipped with a thermal conductivity detector (TCD) and a flame-ionization detector (FID) connected inline. For CO 2 measurements, a HAYSEP Q 80/100 chromatography column was used (6961/8960.859 SS; Alltech) isothermally at 40 u C with helium as the carrier gas at a flow rate of 15 ml min
21
. TCD and FID were set at 325 u C. For H 2 and CH 4 measurements, a MOLE SIEVE 5A 60/80 chromatography column was used (6961/ 8962.1 mm SS; Supelco) isothermally at 70 uC with nitrogen as the carrier gas at a flow rate of 15 ml min
. Both TCD and FID were set at 350 u C. Concentrations in the samples were calculated with a two-point calibration using a commercial 1 % gas standard (Sigma Aldrich).
Volatile fatty acids (formate, acetate, lactate, propionate and butyrate) were analysed in the medium residue with a Thermo Scientific HPLC equipped with a UV/Vis detector set at 210 nm. The chromatographic column (Hypersil GOLD aQ, 15064 mm, 5 mm; Thermo Scientific) was kept at 25 u C and a mixture of MilliQ water (channel A; 20 %) and 200 mM NaH 2 PO 4 (channel B; 80 %) was used as the eluent at a flow rate of 0.5 ml min
.
Methanol and ethanol were analysed via direct aqueous injection on a Trace GC (Thermo Finnigan) coupled to a DSQ II mass spectrometer (Thermo Scientific). An aliquot (1 ml) of the sample was injected in the programmable temperature vaporization injector at 250 u C in split mode (split 1 : 10). An OPTIMA WAXplus chromatographic column (30 m60.25 mm ID, 0.25 mm film thickness; Macherey-Nagel) was used at an initial temperature of 60 uC (hold for 3 min) and then ramped at 40 uC min 21 to 240 u C (hold for 5 min) with helium as the carrier gas at a flow rate of 3 ml min 21 . The transfer line to the mass spectrometer (MS) was kept at 250 u C. The MS was operated at an ion voltage of 70 eV in selected ion monitoring mode with the ion fragment of m/z 31 selected for both alcohols. The ion source was kept at 200 u C.
Amplification of the almost-complete 16S rRNA gene was carried out using the primer pair 27F (59-AGAGTTTGAT-CMTGGCTCAG-39) and 1492R (59-TACGGYTACCT-TGTTACGACTT-39). The PCR assay (50 ml) contained 200 nM of each primer, 200 mM of each dNTP, 1 mM MgCl 2 , 5 ml 106 Taq buffer [100 mM Tris/HCl (pH 8.8 at 25 u C), 500 mM KCl, 0.8 % (v/v) NP-40] and 1 U Taq DNA polymerase native without BSA (Thermo Scientific). PCR was performed under the following conditions: 95 u C for 3 min, followed by 30 cycles of 95 u C for 1 min, 42 u C for 1 min and 72 u C for 3 min, with a final extension step at 72 u C for 10 min. The PCR product was purified using the QIAquick PCR purification kit (Qiagen). Sequencing was performed by GATC Biotech AG (Konstanz, Germany).
Phylogenetic analysis was carried out using the ARB software package (http://www.arb-home.de; Ludwig et al., 2004) . 16S rRNA gene sequences obtained from the GenBank database were aligned using the automatic alignment tool implemented in the ARB program package and the alignment was afterwards checked manually. Calculation of pairwise similarity values of the aligned sequences and reconstruction of phylogenetic trees by the neighbour-joining (Saitou & Nei, 1987) and maximumlikelihood methods with bootstrap calculations (based on 1000 replicates) were performed using programs provided in the ARB package; no filters were used for calculations. Phylogenetic relationships showing C. cellulovorans DSM 3052 T as the most closely related type strain of a characterized species could be confirmed using the EzTaxon identification tool (http://eztaxon-e.ezbiocloud.net; Kim et al., 2012) .
The DNA G+C content of cells of strain M2/40 T was analysed by the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ), Braunschweig, Germany. Genomic DNA was extracted according to Cashion et al. (1977) and deoxyribonucleosides were subsequently determined by HPLC (Mesbah et al., 1989; Tamaoka & Komagata, 1984) .
For fatty acid analyses, cell biomass of strain M2/40 T and C. cellulovorans DSM 3052
T was obtained from cells cultivated in anoxic DSMZ medium 104 for 2 days at 37 u C. Analyses of fatty acid methyl esters were carried out by the Identification Service of the DSMZ. Identification relied on the use of the MIDI Sherlock system (version 6.1), with fatty acids being identified against the TSBA40 database.
Analysis of the 16S rRNA gene sequence showed that strain M2/40
T was affiliated with the genus Clostridium sensu stricto (cluster I of the clostridia as defined by Collins et al., 1994) , which includes Clostridium butyricum, the type species of the genus. C. cellulovorans DSM 3052
T was most closely related to strain M2/40 T , showing 93.8 % sequence similarity, and, in phylogenetic trees, the two strains formed a stable cluster (Fig. 1 ). There were other species that also showed sequence similarities of .93 % between their type strains and strain M2/40 T (Clostridium sartagoforme, C. tertium and C. celatum, 93.5 %; C. saccharobutylicum and C. carnis, 93.4 %; Eubacterium tarantellae, 93.2 %; C. isatidis, 93.1 %); however, these species do not cluster with strain M2/40 T . The type strain of C. butyricum, the type species of the genus, shows 92.7 % 16S rRNA gene sequence similarity to the novel strain. The DNA G+C content of strain M2/40
T was 29.6 mol%.
After 24 h of incubation on Columbia agar at 37 u C, colonies were opaque, circular with an entire margin and a white centre and up to 2 mm in diameter; as the colony matured, the margin became irregular. On CM3 medium with 2 g yeast extract l 21 and 6 g cellobiose l
, cells grew weakly and, after 5 days, colonies were creamy white, opaque and 0.5-1 mm in diameter with an entire margin, which became irregular as the colony matured. Cells tolerated short exposure to air. Single cells grown for 20 h in liquid CM3 medium with 10 mM sucrose were rods to filamentous cells, 1.1-16.8 mm long and 0.6-1.2 mm wide. Cells showed variable Gram staining. Formation of spores occurred only rarely. A few spores, filling entire cells, were observed in cultures grown for 10 days on Columbia agar and in liquid cultures grown for 2 weeks in CM3 medium with sucrose. Further incubation of 4 weeks did not lead to larger numbers of spores. Heat treatment (10 min, 80 u C) and exposure to oxygen did not induce spore formation.
Strain M2/40
T grew at 20-45 u C with an optimum at 35 u C. The pH 37 uC range for growth was 6.2-7.3, with an optimum at pH 7. Glucose, maltose, sucrose and trehalose were used as carbon sources. When grown on glucose, strain M2/40 T produced formate, propionate, ethanol, lactate, H 2 and CO 2 . Acetate, butyrate, methanol and methane were not detected. Addition of vitamins or complex medium components such as yeast extract was not required. Strain M2/40 T exhibited catalase activity but no protease or b-glucosidase activity. Starch was hydrolysed weakly. Indole was not formed. Differential characteristics of strain M2/40 T and its closest described relatives are summarized in Table 1 . The substrate utilization spectrum of C. cellulovorans DSM 3052 T shows clear differences between the data obtained in this study and data reported by Sleat et al. (1984) . In our study, with some of the tested sugars, no growth or only weak growth occurred, whereas the earlier study reported growth on these carbohydrates. This discrepancy could be explained by differences in the experimental approach: we tested growth on single substrates, whereas Sleat et al. (1984) added yeast extract to the medium. It is possible that some carbohydrates cannot serve as single substrates for this bacterium but that growth can occur when other compounds are available as co-metabolites. The predominant cellular fatty acids (.10 %) of strain M2/40 T were C 16 : 0 , summed feature 10 (C 18 : 1 v11c/v9t/ v6t and/or unknown ECL 17.834) and C 18 : 1 v11c dimethylacetal. Compared with the fatty acid pattern of the most closely related strain, C. cellulovorans DSM 3052 T , the main differences were that strain M2/40 T contained considerably higher concentrations of summed feature 10, iso-C 15 : 0 , iso-C 16 : 0 and C 16 : 1 v9c, whereas the proportions of C 20 : 1 v11c and C 20 : 1 v13c/v11t were considerably higher in cells of C. cellulovorans DSM 3052 T (Table 2 ).
In conclusion, the novel strain described here shows significant differences from the closest related characterized species: differences in 16S rRNA gene sequences (¢6.2 %), substrate utilization spectra (the novel strain did not utilize fructose, galactose, lactose or cellobiose and it did not show b-glucosidase activity) and morphological differences. Furthermore, compared with C. cellulovorans DSM 3052 T , the type strain of the most closely related species, cells of the novel strain contained considerably higher concentrations of summed feature 10, iso-C 15 : 0 , iso-C 16 : 0 and C 16 : 1 v9c and considerably smaller proportions of 
*Data from Sleat et al. (1984) . DFermentation products are listed in decreasing order of concentration. Capital letters indicate high concentrations. Products in parentheses are not detected uniformly. a, Acetate; b, butyrate; f, formate; l, lactate; p, propionate; s, succinate; 2, ethanol.
C 20 : 1 v11c and C 20 : 1 v13c/v11t. Due to its distinctive features compared with the closest described relatives, the novel strain can be clearly distinguished from currently described species.
The genus Clostridium presently includes a very heterogeneous group of bacteria that does not form a monophyletic cluster in phylogenetic trees. However, it has been proposed that only a subset of these species that form a phylogenetic coherent group (cluster I) should be regarded as true representatives of the genus Clostridium, i.e. the genus Clostridium sensu stricto (Collins et al., 1994) . As strain M2/40 T falls within cluster I of the genus Clostridium, and because of the significant differences from currently described species, we propose that strain M2/40 T should be assigned to a novel species within the genus Clostridium, for which the name Clostridium bornimense sp. nov. is proposed. ), was isolated from a mesophilic, two-phase, laboratory-scale biogas reactor fed with maize silage supplemented with 5 % wheat straw. The DNA G+C content of the type strain is 29.6 mol%. 
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